A goal of life-history theory has been to understand what combination of demographic traits is maximized by natural selection. In practice, researchers usually choose either density-independent population growth rate, l, or lifetime reproductive success, R 0 (expected number of o¡spring produced in a lifetime). Others have shown that the maxima of density-independent l and R 0 are evolutionarily stable strategies under speci¢c density-dependent conditions: population regulation by equal density dependence among all age classes for l and by density dependence on a single age class for R 0 . Here I extend these connections between density-independent optimization models and density-dependent invasion function models in two ways. First, I derive a new demographic function for which a maximum corresponds to attainability of the equilibrium strategy or stability of the mean rather than stability of the variance of the strategy distribution. Second, I show explicitly a continuous range of cases with maxima between those for the l and R 0 . Graphical and biological interpretations are given for an example model. Finally, exceptions to a putative life-history generality (from l and R 0 models), that high early-life mortality selects for high iteroparity, are shown.
INTRODUCTION
A central question of life-history theory is what combination of demographic parameters is maximized by natural selection. Much theory has assumed the answer is either density-independent population growth rate l (or equivalently r in continuous time), lifetime reproductive success R 0 (expected number of o¡spring produced in a lifetime), or population density of a critical life stage (reviewed in Ro¡ 1992; Stearns 1992; Charnov 1993; Charlesworth 1994) . Recently density-dependent ecological conditions under which each applies have been derived from general invasion success de¢nitions of ¢tness (Metz et al. 1992; Charnov 1993; Charlesworth 1994; Mylius & Diekmann 1995) . Using density-independent de¢nitions, l is maximized if density-dependent mortality acts equally among all life stages, and R 0 is maximized if population regulation occurs by density dependence acting on a single life stage (Charnov 1993; Charlesworth 1994; Mylius & Diekmann 1995) .
Derivation of demographic functions (e.g. l and R 0 ) maximized under density-dependent (or, more generally, frequency-dependent) selection is important because such functions provide intuitive links between mathematical and biological thinking, and because the simplest examples (l and R 0 ) are entrenched in the literature. Thè demographic functions' in question are not intended to mean`¢tness', which is reserved to mean invasion success (Metz et al. 1992) . They are simply functions with the useful property that a maximum occurs at the trait value attained by selection, but they have certain limitations because they do not necessarily contain complete information about evolutionary dynamics. The most common approach to such derivations uses locally evolutionarily stable strategies as maxima of a demographic function. Models of evolutionary dynamics show that local evolutionary stability ensures (local) non-invasibility but not attainability of an equilibrium strategy (Eshel & Motro 1981; Eshel 1983; Taylor 1989; Christiansen 1991; Abrams et al. 1993a; Taylor & Day 1997; Geritz et al. 1998) . This paper derives a function maximized when an equilibrium strategy is attainable, although not necessarily non-invasible. In many cases the answers will be the same, but for di¡erent reasons. This paper also extends previous work by giving a continuum of conditions connecting the l and R 0 cases.
INVASION FUNCTIONS AND TYPES OF STABILITY
Derivation of the new maximization function requires an invasion function de¢ning individual ¢tness (Metz et al. 1992 ). An invasion function gives the rate of increase of a trait in a population as a function of that trait and the distribution of relevant traits in the rest of the population. Assume for now that an`invading' strategy is a small deviation from a monomorphic`resident' strategy. If small deviations from a resident strategy are favoured in one direction and disfavoured in the other, there is a selection gradient in the favoured direction and the population mean strategy will change in that direction. A strategy with zero selection gradient is called a singular strategy (Geritz et al. 1998) . Depending on stability of the singular strategy, it might be the strategy found in nature, but there are two types of stability that must be considered, local evolutionary stability and convergence stability, which can exist in any combination at a singular strategy (Eshel & Motro 1981; Eshel 1983; Taylor 1989; Christiansen 1991; Abrams et al. 1993b; Eshel 1996; Taylor & Day 1997; Geritz et al. 1998) . Local evolutionary stability exists if small deviants on either side of the singular strategy are unsuccessful. Without local evolutionary stability, the variance of the distribution of strategies grows, and further consequences are beyond the scope of analysis here. Convergence stability considers perturbations to the resident strategy itself. Convergence stability exists if the selection gradient (i.e. local invasion success) from a perturbed resident strategy favours return to the singular strategy. Without convergence stability, the population will not approach the singular strategy from nearby strategies; the singular strategy is not attainable. Eshel & Motro (1981) and Eshel (1983) de¢ned a continuously stable strategy as satisfying both stability conditions. Although these stability conditions were originally derived with simple or no genetics, substantial links between them and quantitative genetics models have been forged. Convergence and local evolutionary stability conditions accord exactly with quantitative genetics models for quadratic ¢tness functions when invasion success depends only on the mean population strategy, and the accordance is approximate for more general cases (Abrams et al. 1993a; Taylor & Day 1997; see also Charlesworth 1990) . In these models, convergence stability governs the mean population strategy while local evolutionary stability governs the variance of the distribution of population strategies (Taylor & Day 1997; see also Taylor 1989; Christiansen 1991; Abrams et al. 1993a) . The assumptions required for this paper are that convergence stability and local evolutionary stability be well-de¢ned conditions. This could require assumption of a monomorphic resident strategy, as in the original derivations (Eshel 1983 ), or of a normal distribution of strategies with invasion success depending only on the mean resident strategy (Abrams et al. 1993; Taylor & Day 1997) . For discussion purposes, this paper will emphasize the links between these models by referring to the attainability and non-invasibility interpretations of convergence and local evolutionary stability, respectively, together with the corresponding mean-and variance-stability interpretations, respectively. In either case the dynamics of convergently stable, locally evolutionarily unstable systems are not fully studied here. This paper considers the implications of the two stability conditions on the narrow problem of extracting maximization functions from invasion functions, and such extractions are necessarily limited in their information about global dynamics.
Application of convergence stability logic is used here to derive a new function, F, of demographic parameters that is maximized by natural selection. This provides a di¡erent understanding of what is maximized at a singular strategy in comparison to past use of local evolutionary stability in two ways. First, the maximum re£ected by local evolutionary stability is a best strategy only in the particular frequency-dependent background of a population at equilibrium; convergence stability instead re£ects the accumulation of advantageous changes that might have led there. Second, convergence stability has been interpreted as the more important condition because attainability of the singular strategy seems more important than the fate of the variance of strategies when it has been attained (Eshel 1983; Christiansen 1991; Eshel 1996) .
The fate of convergently stable but locally evolutionarily unstable strategies remains unsettled (Abrams et al. 1993; Eshel 1996; Taylor & Day 1997; Geritz et al. 1998 ). Geritz et al. (1998) show that with asexual reproduction, such situations lead to speciation, while Abrams et al. (1993) suggest that with sexual reproduction, such situations can lead to stable polymorphic distributions (see also Taylor 1989; Christiansen 1991; Eshel 1996) . In any case, the fate of such systems is not determined by derivatives of the invasion function at the singular point and is outside the scope of such analyses. The outcome may depend on genetics and remains an area for further investigation. For this paper, the important point is that locally evolutionarily unstable strategies could plausibly persist because of convergence stability and other conditions (although this is not a guaranteed outcome), but convergently unstable strategies could not persist. In essence, the programme of deriving density-independent maximization functions from density-dependent ¢tness functions requires a loss of information in favour of simplicity. Previous approaches lose information on attainability or mean stability. The approach here chooses instead to lose information on invasibility or variance stability.
A NEW FUNCTION MAXIMIZED BY NATURAL SELECTION
Consider the invasion success of a rare strategy F i in a population with a monomorphic resident strategy F r , given by I (F i ,F r ). A singular strategy F * is a strategy with zero local selection gradient:
and evolutionarily stable when Eshel & Motro 1981; Eshel 1983; Taylor 1989; Christiansen 1991; Abrams et al. 1993; Taylor & Day 1997; Geritz et al. 1998) . The convergence stability condition implies that the function
is maximized by natural selection. This follows from simple calculus. The integrand is zero at the singular point, and by the convergence stability condition it increases below and decreases above the singular point. The trick is that the partial derivative with respect to F i is always evaluated at F iˆFrˆF , which is then integrated with respect to F. Thus the function F is the function whose derivative is the same as the partial derivative of I(F, F) in the F i direction, which is the gradient of invasion success of deviant strategies; selection moves the mean trait value according to the local selection gradient and the summation of such changes in the trait value is maximized in the long run. Maximization of F does not guarantee local evolutionary stability, which is considered to be a less serious weakness than not guaranteeing stability of the mean population strategy (i.e. as in the local evolutionary stability approach).
GENERALIZATION OF l l l AND R 0
To demonstrate the use of F, consider a simple regulated population model. Adults produce F o¡spring, which grow into J(F) juveniles. The function J(F) contains density-independent mortality of young and quantity^quality trade-o¡s for an individual parent. One factor of adult mortality is¯(F), which is density independent and includes costs of reproduction for an individual parent. A fraction S j of juveniles (J) in the population survive to maturity, where S j is a density-dependent function of the number of juveniles and adults (after density-independent mortality) in the population. New adults and old adults then compete as equals to survive into the next generation. The strategy variable under selection is F. Notice that¯(F) and J(F) depend on F because they involve individual trade-o¡s, whereas S j depends on F (perhaps indirectly via¯(F) or J(F)) because it involves density dependence.
The rate of population change for the resident strategy (before the competition between new and old adults) is J(F r )S j (J(F r ),¯(F r )) ¡¯(F r ), i.e. recruitment minus adult death, and for the invading strategy it is J(F i )S j (J(F r ),¯(F r )) ¡¯(F i ). Notice that the densitydependent factor S j depends only on the resident strategy because we assume it is most of the population. An invading strategy will increase if its population grows relative to the resident strategy's population
I is an invasion function for this model. The competition between new and old adults as equals is implicit in the model but important for considering a stable, regulated population. A singular strategy occurs when the derivative of I with respect to F i is zero, i.e. when S j (F)ˆ¯0(F)/J 0 (F). The right hand side of this expression,¯0(F)/J 0 (F), is called the incremental cost^bene¢t function or physiological trade-o¡ function. A prime denotes di¡erentiation with respect to F i .
For this model the function
is maximized. This function re£ects the sum of costs and bene¢ts associated with individuals increasing F against a shifting resident strategy with increasing F. The second version given, after integration by parts, has the interpretation of rate of change of possible new adults (reproduction minus mortality) corrected for density-dependent e¡ects of individuals on each others' bene¢t from reproduction. When there is no juvenile density dependence, the population is regulated entirely by density dependence acting equally between new and old adults. In this case S jˆ1 , and F(F)ˆl ¡ 1ˆJ ¡¯(¢gure 1a,b). When juvenile density dependence allows only as many mature o¡spring as there are dead adults, the population is regulated entirely by juvenile density dependence. In this case S jˆ¯/ J, and F(F) has the same extrema as R 0ˆJ /( ¢gure 1a,b). The choice S jˆ¯/ J is derived from supposing that there are¯K openings left in the population by adult deaths, where K is a carrying capacity, and each juvenile has a 1/JK chance to ¢ll an opening (Chesson & Warner 1981) . The correspondence of F with l and R 0 does not depend on the form of the physiological trade-o¡s involved, and in all cases population size is constant. Thus F covers l and R 0 as special cases. This is similar to the results given by Mylius & Diekmann (1995) , but their results used local evolutionary stability rather than convergence stability.
AN EXAMPLE OF INTERMEDIATE CASES
Neither l nor R 0 is maximized under many forms of juvenile density dependence. This can be seen by drawing an S j function in ¢gure 1a between those for the l and R 0 cases. One example of a spectrum between the l and R 0 scenarios of density dependence is given by S jˆ( ‡ ®(1 ¡¯))/(J ‡ ®(1 ¡ J)). This function scales between the R 0 and l cases because S j scales from¯/J to unity as we vary ® from zero to unity. In this case, F has the same extrema as (J ‡ ®(1 ¡¯))/(¯ ‡ ®(1 ¡¯)) (this can be veri¢ed by di¡erentiation, but direct evaluation of F in the integral form given above is not simple), which scales from R 0 to l as ® goes from zero to unity. This parameterization provides only one of many functional forms for S j which scale between l and R 0 cases, and was chosen to provide perspective on l and R 0 rather than to re£ect speci¢c biological conditions. However, one generality apparent from ¢gure 1(a) is that for a given physiological trade-o¡ (¯0/J 0 ), the singular strategy always lies between those for R 0 and l, if they exist. If it were below that for R 0 , the population would be decreasing, and if it were above that for l, juvenile survival would be greater than unity, which is biologically impossible. It is not guaranteed that R 0 and l serve as lower-and upper-bound cases in more complicated models. A spectrum between l and R 0 cases was implied but not given explicitly by Mylius & Diekmann (1995) . These results mean that in any population with multiple and unequal density dependencies between life stages, neither l nor R 0 will be maximized by natural selection.
For this model, both stability conditions have simple graphical interpretations (¢gure 1a,c). Convergence stability exists when the juvenile density-dependence function (S j ) crosses the incremental cost^bene¢t function (¯0/J 0 ) from above (S 0 j 5(¯0/J 0 ) 0 ; in many cases S j will be decreasing and¯0/J 0 increasing). Otherwise a small change in F r causes runaway changes in F i to be favoured (S j J 0 >¯0). Local evolutionary stability exists when the incremental cost^bene¢t function is itself increasing as it crosses the juvenile density-dependence function ((¯0/J 0 ) 0 J 0 > 0, with J 0 > 0), which occurs if¯0/J 0 increases where it crosses S j . Determination of a singular strategy can be interpreted as the result of two biological factors: physiological diminishing returns (or exacerbating costs) on individual reproductive e¡ort and population density-dependent feedbacks on individual ¢tness. Physiological diminishing returns are re£ected in the incremental cost^bene¢t function. They dominate when there is no juvenile density dependence (i.e. the l case, ¢gure 1a). In such a case, each individual reproduces up to the point where, because of physiological trade-o¡s alone, further increases are not worth the cost. Population densitydependent feedbacks on individual ¢tness are re£ected in juvenile density-dependent survival. They dominate when the incremental cost^bene¢t ratio is constant (¢gure 1c). In such a case, each individual reproduces up to the level at which juvenile survival is universally low, so that no individual bene¢ts from increased reproduction. This scenario is missed by l and R 0 models.
AN EXCEPTION TO A PUTATIVE LIFE-HISTORY GENERALITY
If density dependence is more complicated than in the l or R 0 cases, e¡ects can occur that are counter-intuitive from l and R 0 models. Consider the evolution of iteroparity, or more generally of the number of reproductive events, a classic life-history problem with roots in Cole's paradox (Cole 1954; Charnov & Scha¡er 1973; Young 1990) . A putative generality from l, R 0 , and intermediate models holds that high early-life mortality either favours greater iteroparity (i.e. decreased reproductive e¡ort and hence increased adult survival) or has no e¡ect (Ro¡ 1992; Stearns 1992; Charlesworth 1994) .
In contrast to the putative generality, high early-life mortality can favour low iteroparity if population density-dependent feedbacks on individual ¢tness primarily determine the singular strategy and juvenile density dependence is strong (¢gure 1c). To consider the e¡ect of an early-life density-independent mortality factor on the optimal strategy, let S y be a survival rate and rede¢ne J(F) to include this factor so that J(F)ˆS y J old (F), where J old is the old version of J, uncorrected by S y . Also let¯0 and J 0 old be constant so that individual physiological trade-o¡s are constant. By implicit di¡erentiation, decreasing S y increases F * if ¡@S j /@J4S j /J. Thus, higher early-life mortality can favour decreased iteroparity (¢gure 1c). This behaviour never appears in a l model because it contains no juvenile density dependence, or in an R 0 model because that form of juvenile density-dependent survival never crosses a constant incremental cost^bene¢t function so there is no singular strategy. In this scenario, the singular strategy is set by the reproductive level at which each individual's juvenile survival is so low that no individual bene¢ts from increasing reproduction. High early-life mortality causes high juvenile density-dependent survival (because there are fewer juveniles competing), which increases the reproductive level at which juvenile survival is critically low. However, high early-life mortality also increases the incremental cost^bene¢t ratio (by decreasing the incremental bene¢t), which alone would decrease the singular strategy (¢gure 1c). If the ¢rst e¡ect is strong enough relative to the second, the singular strategy increases, lowering iteroparity.`Strong enough' means that juvenile density-dependent survival is an overcompensating function of the number of juveniles, i.e. with more juveniles there are fewer survivors [(@/@J(JS J )50)]. This could occur under scramble competition. An equivalent condition is that total pre-mature survival increases as pre-juvenile survival decreases because of the relaxation of juvenile density dependence, so that @/@S y (S y S j )50. The conditions for high early-life mortality to favour low iteroparity will be di¡erent for di¡erent physiological trade-o¡ functions (¯0/J 0 ).
DISCUSSION
F is a new function of demographic parameters maximized by natural selection, and it is general in the sense that it includes other speci¢c functions as special cases. One advantage of F over local evolutionary stability derivations is that F is maximized if the singular strategy is attainable (or its mean is stable), while the maximization corresponding to local evolutionary stability occurs if the singular strategy is non-invasible (or the variance in population strategies is stable). A disadvantage of F is that its maxima are not necessarily locally evolutionarily stable, and lack of local evolutionary stability could completely change the outcome of selection. However, local evolutionary stability maxima have the worse disadvantage that they are not necessarily convergently stable, so that the singular strategy might not be attained in the ¢rst place.
In addition, F extracts more information from the invasion function than do local evolutionary stability maximization functions because F is maximized in F, while local evolutionary stability is maximized only in F i at the particular F r of the singular strategy. The most thorough analysis would be to use the invasion function itself to determine the singular strategy, and evaluate it for both local evolutionary and convergence stability. However, F has the advantage that maximization is strongly ingrained in thinking about life-history evolution and is useful for developing intuition and interpretation.
Others have emphasized that in a regulated population with evolutionary stability, density-dependent l and R 0 are both optimized (Bulmer 1994; Kozlowski 1993) . Consideration of density-dependent de¢nitions of l and R 0 is important for ¢eld data that include inseparable density dependence. However, ¢eld data such as seed production or clutch size often do not include density dependence. Moreover, for the common theoretical game of deriving expected life histories from physiological trade-o¡s, density-independent de¢nitions are useful for comparing the same trade-o¡ in di¡erent density-dependent scenarios.
The limitations of previously available optimization criteria should concern life-history researchers (Ro¡ 1992; Stearns 1992; Mylius & Diekmann 1995; Heino et al. 1997) . In many organisms there may be a complex mixture of density dependence within and among life stages, so that neither l nor R 0 applies. Other optimization functions can produce qualitatively di¡erent behaviour with respect to ecological factors such as earlylife mortality. Scenarios with further complications such as more than two density dependencies, stage structure, multiple strategy variables, and non-constant population dynamics might further challenge life-history intuition.
